This work presents a novel methodology for variable speed high power Transfer Capability of a self-excited induction generator (SEIG). The proposed methodology is based on the selection of a suitable firing angle of Fixed Capacitor-Thyristor Controlled Reactor (FC-TCR) for achieving constant rated stator current. WDSEIG would produce a variable speed high power without overheating under variable wind speed and connected load. The analytical approach for the proposed methodology has been implemented to predict the optimal operating firing angle of FC-TCR for full load stator current achievement within the allowed operating range of load and prime mover speed. Also, Soft Computing (SC) techniques have been implemented based on Harmony Search Algorithm (HSA), Flower Pollination Algorithm (FPA), and Moth-Flame Optimization (MFO) algorithm to achieve the proposed methodology. A comparison between different SC techniques, analytical approach and experimental work are given and evaluated to verify SC techniques accuracy. This evaluation study can be useful in specifying the appropriateness of the SC techniques for High Power Transfer Capability for a SEIG. INDEX TERMS Self-excited induction generator, fixed capacitor-thyristor controlled reactor, variable speed high power transfer capability, moth-flame optimization algorithm, flower pollination algorithm, harmony search algorithm.
For the last twenty years, the Greenhouse is one of the crucial global challenges. So renewable energies especially wind energy have an attention increase [1] . By the end of 2018, the wind capacity of worldwide, as shown in Fig. 1 , reached 596,556 MW, out of which 8.39 % were added in 2018. This capacity can generate around 6 % of the world's electricity demand. So wind energy is one of the promising renewable energies and the fastest growing [2] , [3] . Another advantage of wind energy is its running cost in contrast to other conventional energy sources [4] .
DFIG is a very complicated machine in analysis and operation besides the complex structure of power electronics converter used, so today induction generators are dominating the wind power generation field, due to their rugged, self-excitation and brushless construction. Moreover, it has self-protection against short circuit faults as the terminal voltage rapidly falls when the terminal short circuit faults have occurred. The induction generators can be used in various modes such as grid-connected mode and self-excited standalone mode. Besides, the three-phase induction generator is mechanically less complicated and lower cost [5] .
The main negative point in an isolated stand-alone mode for wind energy utilization is the need for reactive power support or a capacitor bank to be connected in parallel with the three-phase induction generator terminals [6] , [7] , the treatment of this negative point is presented by the authors in [8] . Besides the variable output voltage of SEIG is a drawback but it is discussed by the authors in [9] . Also, the SEIG operates in a limit range around synchronous speed; these types of generators are often used for approximately constant speed applications like micro-hydro generation.
This work introduces an approach for implementing the full load stator current operation of the SEIG for an isolated resistive load. Firing angle of FC-TCR is used for regulating stator current at different loads and under variable speed. The researchers present a new approach for the SEIG full load stator current operation, using three different SC optimizers to find the optimum FC-TCR firing angle. Optimum firing angle is quickly determined for a new operation point as a function of the speed and load. This function is a complicated non-linear one; therefore Particle Harmony Search Algorithm (HSA), Flower Pollination Algorithm (FPA), and Moth-Flame Optimization (MFO) algorithm are trained to determine this function accordingly. After the proposed optimizer's implementation and comparing its result with the experimental and analytical results, it is found that SC optimizers are easy, fast and more accurate. Also, it is found that the MFO algorithm is the most accurate technique.
II. PERFORMANCE ANALYSES OF WDSEIG WITH FC-TCR
The steady-state analyses of SEIG with FC-TCR are implemented using the admittance model circuit in Fig.2 .
Two shunt elements, is the steady-state model of the FC-TCR, as shown in Fig. 2 . The controllable equivalent reactance of the TCR section X LV , is shown in Fig. 2 and defined from the following equation [10] :
The controllable equivalent reactance of the FC-TCR section X V , is shown in Fig. 2 and defined from below equation [10] :
The controllable equivalent capacitance of the FC-TCR is a function of firing angle α and frequency as shown in Fig. 3 . Also, this figure illustrates the significant increasing of capacitance value with firing angle increase from 90 • to 180 • while illustrate a slightly increasing of capacitance value with frequency increase. Fig. 4 shows the basic configuration of the proposed openloop system which is composed of a control circuit (firing angle producer), FC-TCR circuit (variable capacitor) and SEIG.
The experimental control circuit consists of a Zero Voltage Crossing Detector circuit, Micro-controller chip (PIC16F877A), Opto-coupler drive (MOC3022) and TRIACs as shown in Fig. 5 .
The performance characteristics of the control circuit of FC-TCR are investigated by performing the simulation under constant firing angle as shown in Fig. 6 . Fig.6 shows the typical waveform of TCR phase current at different firing angles from which equation (1) can be deduced. It is noticed that a significant decreasing of FC-TCR with firing angle increases. The experimental setup consists of SEIG, DC motor (as a wind turbine and gearbox simulator), variable capacitor bank and variable resistor bank (load) as shown in Fig.7 The self-excited process is successful when total current at (O) node is zero. Therefore, since E = 0, the total admittance must be zero under steady-state self-excitation [8] , [11] ; so where Stator and load impedance can be written as below;
By solving the real part of equation (3), the operating slip S can be obtained which can be mathematically written as follows;
Similarly, by solving the imaginary part of equation (3), the magnetizing reactance can be obtained which can be mathematically written as follows;
Also, by using equation (6) and Fig.A1 in appendix, the air gap voltage at rated frequency can be obtained which can be mathematically written as follows;
So the stator current can be mathematically written as follows;
The model validity is investigated by done simulation analyses at different loading conditions and comparing these simulation results with experimental work as shown in figures (8), (9) and (10). These results illustrate the relation of the firing angle values with SEIG performance which will be used in proposed techniques later. Fig.8 illustrates a significant decreasing of rotor speed with load resistance increase while illustrate slightly increasing rotor speed with firing angle increase.
The stator current is approximately constant with load resistance increase while significant increasing of stator current with firing angle increase as shown in Fig.9 Besides, these figures illustrate a significant increasing in speed range around the synchronous speed at which generation system is capable to operate with increasing the firing angle values. But it is accompanied by higher stator current than full load value and lower efficiency.
III. OPTIMUM FIRING ANGLE ESTIMATION FOR RATED STATOR CURRENT OPERATION OF SEIG
Let the SEIG operates in an open-loop mode. Initially, SEIG operates at an operating point with any firing angle, and then the firing angle is varied until the full load stator current point is reached. Thus the SEIG operates at the optimum desired point with full load stator current I 1r , rotor speed N , and load resistance R L . When the speed or the load resistance changes, the stator current changes and the optimum firing angle α is adjusted for full load stator current.
This can be mathematically written as follows;
It is noted that equation (9) x new.j = l j + rand × (u j − l j ) (10)
• [Accepting] If rand ≤ PAR, the new harmony (x new,j ) is adjusted by equation (11).
4-[Replace]
Use the new best harmony in terms of the fitness function value instead of the worst harmony stored in HM for a further run of the algorithm.
5-[Test]
If the criterion is met, stop, and the best harmony stored in HM.
6-[Loop]
If the iterations number < than the maximum go to step (2) with the best harmony stored in HM obtained in step (5), else stop.
B. FPA TECHNIQUE
Xin-She Yang (2012) described FPA technique as a metaheuristic optimization technique based on features of the flower pollination process [15] . From this date, FPA technique has experienced a multitude of modifications and enhancements as shown in [16] . The FPA begins, by defining the size of the flower population & switch probability (p), and then evaluate the fitness function; it ends by testing for convergence. The general steps describing the FPA technique are summarized as follows; see Fig. 12 [16] , [17] .
1-[Initialization]
Generate random population of (n) flowers / pollen gametes.
2-[Fitness]
Evaluate the fitness f(x) of each flower / pollen gametes.
3-[New population] Create a new population use pollina-
tion for each flower is done by repeating below steps until the best population g * is obtained. Local pollination and global pollination is controlled by a switch probability p ∈ [0], [1] ,
• [Global pollination] if rand < p, exploration process started as a global pollination process with pollen-carrying pollinators based on Lévy flights as follows
where L is Lévy flights that mimic this traveling characteristic as L > 0 and is calculated as follow;
• [Local pollination] if rand > p, exploitation process started as local pollination process occurs by wind without any pollinators as in equation (14) x t+1 where x t j , x t k are pollen gametes from different flowers of the same plant type.
4-[Evaluation] Evaluate and update the new best solution
according to their objective values.
5-[Test]
If the criterion is met, stop, and find the current best solution g * 6-[Loop] If the iterations number < than the maximum go to step (2) with the best solution g * obtained in step (5), else stop.
C. MFO TECHNIQUE
Seyedali Mirjalili (2015) developed MFO algorithm inspired by the navigating mechanism of moths fly in nature which is called transverse orientation [18] . The MFO begins, by generating a moth population, the fitness function, and later updating moth positions and flames numbers. It ends by testing the stopping criterion. The general steps describing the MFO technique are summarized as follows; see Fig. 13 [19] , [20] .
1-[Initialization]
Generate a random population of (M ) moths that move around target flames (F) in the search space.
2-[Fitness]
Evaluate the fitness of each moth position in the space with respect to its target flame. 3-[Position Update] Update the position of each moth with respect to the flame use the logarithmic spiral function is done by repeating the below steps until the best position is obtained.
• [Flame Numbers] Exploitation of the best promising solutions can be achieved for the number of flames as in equation (15) 
• [Distance] Calculation of distance between i th moth M i and j th flame F j is obtained in equation
• [Position] A logarithmic spiral has been used to update the position of each moth with regard to a flame as in equation (17) S(M i , F j ) = D i .e bt . cos (2πt) + F j (17) where;
And;
4-[Evaluation]
Evaluate and update the new best distance to their objective values.
5-[Test]
If the criterion is met, stop, and find the current best distance. 6-[Loop] If the iterations number < than the maximum go to step (2) with the best distance obtained in step (5), else stop.
IV. PROPOSED MODEL USING SC OPTIMIZER
In this part, the previously introduced identification techniques for optimum desired firing angle are applied to design the model of SEIG with FC-TCR to operate at full load stator current using SC optimizer. To check the proposed strategies under different conditions, extensive simulations are implemented. In this paper, the MATLAB realization of the previous techniques is applied. The stator current control of the SEIG can be achieved by varying in the operating per unit frequency (a) and the firing angle of FC-TCR for each value of the load resistance and rotor speed. In the objective function of this optimization problem can be expressed as shown below [21] :
The basic block diagram of the proposed closed loop drive system is shown in Fig.14. A. SC TECHNIQUES EVALUATION
The HSA, FPA and MFO techniques parameters implemented in this paper are shown in Table 1 . Fig. 15 and Fig.16 show the fitness function value with iteration numbers for application HSA, FPA and MFO to get full load stator current operation. It is noted that the target VOLUME 8, 2020 fitness value has been reached after 100, 70 and 60 iterations for HSA, FPA, and MFO respectively as shown in Fig.15 . While in the same figure the maximum deviation from target fitness value is −0.082, +0.05 and +0.04 for HSA, FPA, and MFO respectively. Fig. 16 illustrates that the target fitness value has been reached after 100, 60 and 50 iterations for HSA, FPA, and MFO respectively. While in the same figure the maximum deviation from target fitness value is −0.098, −0.083 and +0.02 for HSA, FPA, and MFO respectively. Also, Table 2 and Table 3 show a comparison between SC techniques. These figures and tables clearly illustrate that MFO provides minimum fitness function value with minimum time and minimum number of iterations compared to HSA and FPA.
B. RESULTS AND DISCUSSION
Two cases are studied: Constant load resistance as shown in Table 4 and Constant rotor speed as shown in Table 5 .
The Mean Sum Square Error (MSSE) can be written for SC optimizer with reference to analytical results as follow;
It is found that MSSE for MFO optimizer has the lowest MSSE. From previous results, it is observed that MSSE of HSA optimizer is around 1.7 times as compared with the MSSE of MFO optimizer, while FPA optimizer is around 1.5 times as compared with the MSSE of MFO optimizer. Fig. 17 and fig.18 illustrate a comparison between the different analytical data and estimated data by MFO approach for SEIG full load stator current operation at constant load resistance and at constant rotor speed respectively. Fig. 17 and fig.18 clearly show a significant increase of speed range around the synchronous speed and also loads resistances range at which the generation system is capable to operate. Higher output power using the feed-back approach is also shown compared with the conventional operation. Also, these figures illustrate a great agreement between results obtained. The effectiveness of the MFO optimizer feed-back can be checked by testing the SC technique at variable rotor speed and load resistance. Table 6 shows the output power of SEIG at MFO approach and open loop approach at different operating conditions. Table 6 shows a significant improvement in output power and operating speed range SEIG with MFO optimizer feed-back (with rated stator current operation) compared with SEIG without feed-back (not exceeds rated current). Table 6 illustrates that the operating speed range increase from (−1.66 %: +6.66 %) of synchronous speed to (−8.33 %:
+13.33 %) of synchronous speed with 500 % increase under synchronous speed and 200 % increase over synchronous speed Also, the power transfer capability increase by 37 % within conventional operating speed range and by 69% for new operating speed range.
V. CONCLUSION
In this article, a novel approach for SEIG with FC-TCR operation using SC optimizers is introduced and evaluated. The main contribution introduces in this article is presenting an algorithm for achieving a significant improvement in power transfer capability and operating speed range of SEIG on the contrary as known about it as limited power and fixed speed generator. So a SEIG with SC optimizer is introduced and the following results are concluded;
(i) Implementing analytical method to predict the optimal operating firing angle of FC-TCR to regulate the stator current at full load value within the operating range of rotor speed and load resistance.
(ii) Modeling of constant stator current, variable speed, variable loaded SEIG operation with SC optimizers (HSA, FPA, and MFO).
(iii) Evaluation of SC optimizers (HSA, FPA, and MFO) is presented and MFO optimizer is proved as the most accurate optimizer (iv) Finally, the operating speed range, output power and energy consumed by SEIG for the excitation with the conventional open-loop and with the proposed MFO optimizer have been evaluated and compared.
From the comparison, it is noted that a significant increase in speed range below and above the synchronous speed, the significant increase of output power and significant energy savings have been achieved in the proposed model of SEIG with FC-TCR using MFO optimizer. Besides the effectiveness of MFO, which make the proposed novel technique is worthy and beneficial for standalone systems.
APPENDIX
The machine understudy is 3-phase, 4 pole, connected, squirrel cage, 1.5kW, 380V, 3.5A, 50 Hz.
Stator per phase resistances, R 1 = 15.5 Rotor per phase resistances, R 2 = 21.5 Stator per phase reactance, X 1 = 29 Rotor per phase reactance, X 2 = 29 Capacitance of FC-TCR = 12 µf Inductance of FC-TCR =300 mH The magnetization characteristics is shown in Fig.19 
